Abstract. When the partially porous aerostatic thrust bearing and the journal bearings of an aerostatic spindle in a vertical milling machine are subjected to cutting load and gravitational force, the thicknesses of gaps between the thrust plate and the spindle flange will change. This study applied CFD software to analyze the effect of variations of gap thickness and rotating speed on the pressure in the gaps of the bearings and the stiffness of the spindle. The results revealed that, when the thrust plate and the spindle flange were pushed back and forth by external loading, the pressure in the gap between the spindle flange and the thrust plate was affected significantly. The pressure in the gap between the spindle and the journal bearing was slightly affected. When the spindle rotated faster, the pressure on the surface of spindle became higher and the stiffness of spindle was increased.
Introduction
The porous aerostatic bearings are widely used in ultra precision machine tools. Due to good ability of the porous medium in flow restriction, the porous aerostatic bearings are better than other types of aerostatic bearings in characteristics such as load carrying capacity, stiffness, damping and dynamic stability in high speed. Many papers studying the fully porous aerostatic journal bearings have been published. However, research reports regarding the partially porous aerostatic journal bearing are rarely seen. So far, Szwarcman and Gorez [1] studied the aerostatic journal bearing with porous inserts to find the relationships for the load capacity, the stiffness and the gas flow rate of the bearing as functions of the supply pressure, the relative eccentricity and the geometry of the bearing. Rao [2] analyzed the characteristics of porous aerostatic journal bearing and verified the calculated results by experimental research. Wang [3] studied the effects of various parameters on characteristics of the partially porous aerostatic journal bearing. He proved the partially porous bearing was better than the fully porous bearing in terms of stiffness. Huang et al. [4] studied the effects of the size of porous medium, the bearing gap, the eccentricity and the spindle speed on the gap pressure, the load capacity and the stiffness of the fully porous and the partially porous aerostatic journal bearings.
During the feeding process, the spindle of a vertical milling machine is subjected to both axial and transverse compressive forces which cause a thinner air gap between the spindle flange and the rear thrust plate. During the retracting process, the dead weight of the spindle module results in a thinner air gap between the spindle flange and the front thrust plate. This paper studied how the changes in rotating speed and thicknesses of air gaps in the bearings affected the gap pressure and stiffness of spindle when the vertical milling machine was under machining operation.
Analytical Approach
Based on the finite volume method, this study utilized the laminar flow module of the CFD software, FLUENT, to solve the three dimensional Navier-Stokes equations to compute the pressure of air flow in the bearing gaps and the housing gaps in an aerostatic spindle. The k-ε equation for turbulence was used to analyze the physical parameters under the steady state condition. The second order Upwind Differentiating Technique was adopted to solve the convection terms. In order to have optimum convergence and satisfactory accuracy, the pressure-velocity coupling scheme of the SIMPLEC approach was applied to solve the iterative equations to compute the velocity and the pressure. To simplify the simulation, the following assumptions were made for the flow field: (1). The air was assumed to be a Newtonian flow with an invariant density. The effects of gravity, surface roughness and heat transfer were neglected. (2) . All physical properties were independent of the temperature. The ambient temperature was a constant. The properties of the porous material were isotropic and the porosity was a constant. (3) . Inside the porous material, the air flow obeyed the Darcy's law and was considered laminar due to its low velocity. And, the inertia resistance was neglected for the same reason.
The following boundary conditions were considered in analysis: (1) . On the inlet boundary, the air was pumped into the bearing at a gage pressure of 400 kPa. On the outlet boundary, the air was discharged to the ambient atmosphere at a gage pressure of 0 kPa. 
Simulation models
To reduce the size of the mesh, only the front portion of the aerostatic spindle module, as shown in Fig. 1 , was considered in building the models for analysis. Fig. 2 illustrated the CAD model of the front part of the spindle module consisting of a partially porous aerostatic thrust bearing and a partially porous aerostatic journal bearing. There were eight porous inserts uniformly distributed on each of these two bearings. With a thickness of 3 mm and a diameter of 6 mm, each porous insert had a porosity of 0.2. Fig. 1 The longitudinal section of the aerostatic spindle module. Fig. 2 The CAD model. The front part of the module included in the CAE model is highlighted.
In the longitudinal section view of the model shown in Fig. 3 (a), gap 3 was the air gap between the spindle flange beside the tool and the front thrust plate, gap 2 was the air gap between the spindle flange beside the journal bearing and the rear thrust plate, and gap 1 was the air gap between the spindle and the porous insert on the journal bearing or the air gap between the spindle and the housing. The axial line 1 located below gap 1, the radial lines 2 and 3 located at lower part of gaps 2 and 3 of the thrust bearing respectively. Fig. 3(b) showed the route of the air flow in the spindle module.
In the model, the outer diameter of the spindle was 60 mm, the inner diameter of the journal bearing was 60.02 mm. To avoid pressure drop, the thickness of the air gap between the spindle and the housing was kept the same as that between the spindle and the porous insert. Namely, the thickness of gap 1 was kept as 10 mm. In the initial stage (i.e., the feeding process) of vertical milling, when the cutting tool contacts the workpiece, it encounters cutting resistance in which axial 2 Engineering Tribology and Materials compressive force is dominant. Being pushed by this axial force, the thickness of air gap 2 between the spindle flange and the rear thrust plate was reduced from 10 μm to 7 μm. Thus, in the model for feeding process, the thicknesses of gap 2 and gap 3 were 7 μm and 13 μm respectively (Fig. 4(a) ). When the cutting process has stabilized, the cutting force subjected to the spindle is mainly radial load. Thus, in the model for stabilized cutting process, both gap 2 and gap 3 were 10 μm in thickness (Fig. 4(b) ). During retracting process, the thrust bearing was pushed by the dead weight of the spindle module, the thickness of air gap 3 between the spindle flange and the front thrust plate was reduced to 5 μm. Thus, in the model for retracting process, thicknesses of gap 2 and gap 3 were 15 μm and 5 μm respectively. (Fig. 4(c) ). With an eccentricity ratio of 0.3, the pressure on the spindle and its stiffness were analyzed for a rotating speed of 15000 rpm, 30000 rpm and 60000 rpm respectively.
(a) (b) Fig. 3 
Results and discussion
Variation of pressure in the air gap between the spindle and the journal bearing (a) Rotating speed = 15000 rpm (b) Rotating speed = 60000 rpm Fig. 5 With a rotating speed of 15000 rpm and 60000 rpm respectively, the pressure distributed along axial line 1 in air gap 1 between the spindle and the journal bearing was illustrated.
With a rotating speed of 15000 rpm, 30000 rpm and 60000 rpm respectively, the pressure in air gaps 2 and 3 were analyzed when these two air gaps were under the conditions shown in Fig. 4 . The pressure distribution in air gap 1 between the spindle and the journal bearing was displayed in Fig. 5 . In Fig. 5 , the length of the axial line 1 was 40 mm. The gage pressure was 0 at the location of the air outlet. When the vertical milling was at the initial stage (i.e., the feeding process), the axial force pushed air gap 2 to a thickness of 7 μm. The thickness of gap 3 became 13 μm. When the spindle rotated at 15000 rpm, the pressure in air gap 1 along axial line 1 was the highest among the three Key Engineering Materials Vol. 739conditions, namely, the feeding, the stable cutting and the retracting stages. In Fig. 5 , it was seen the two curves had a horizontal segment of 6 mm in length superimposed. With a gage pressure around 400 kPa, that horizontal segment was just the location of the air inlet of the porous insert below the journal bearing. The faster the rotating speed, the higher the pressure in air gap 1 would be. Thus, the axial pressure distribution curves changed. When the rotating speed was 60000 rpm, as shown in Fig. 5(b) , the pressure in air gap 1 increased significantly to a level above 600 kPa in the zone between the air inlet and the air outlet (see Fig. 3(a) ). It was noted the pressure distribution was almost not affected by change of thickness of air gap 2, except in the zone between the axial locations of 0 mm and 5 mm where the pressure increased as the thickness of air gap 2 reduced from 15 μm to 7 μm. Table 1 The average pressure on the surface of Table 2 The stiffness of spindle under various gap spindle below air gap 1.
thicknesses of thrust bearing and rotating speeds.
Under various gap thicknesses of the thrust bearing and rotating speeds, the average pressure on the part of the spindle surface located below air gap 1 was shown in Table 1 . The stiffness of the spindle was listed in Table 2 . From Table 1 , it was seen that the average pressure on the part of the spindle surface below air gap 1 and the stiffness of the spindle were only slightly affected by change in thickness of the air gap of the thrust bearing. During cutting, the feeding process reduced the thickness of air gap 2 and maximized the average pressure on the spindle surface and the stiffness of the spindle. During the retracting process, the gravitational force increased the thickness of air gap 2 and minimized the average pressure on the spindle surface and the stiffness of the spindle. The faster the rotating speed, the higher the pressure on the surface of spindle and the stiffness of spindle.
Variation of pressure in the air gaps between the spindle and the thrust bearing
In analysis, it was assumed the axial component of the cutting force during feeding of the vertical milling machine reduced the thickness of air gap 2 between the spindle flange and the rear thrust plate to 7 μm, while increased the thickness of air gap 3 between the spindle flange and the front thrust plate to 13 μm. During retracting process, due to the dead weight of the spindle module, the thickness of air gap 2 was increased to 15 μm, while the thickness of air gap 3 was decreased to 5 μm. When the thickness of air gap 2 was 7 μm, 10 μm and 15 μm individually, the pressure distributed along radial line 3 in air gap 3 was illustrated in Fig. 6(a) and Fig. 6(b) for a rotating speed of 15000 rpm and 60000 rpm respectively. While the pressure distributed along radial line 2 in air gap 2 was illustrated in Fig. 7(a) and Fig. 7 (b) for a rotating speed of 15000 rpm and 60000 rpm respectively.
From Fig. 6 , it was noticed that, during the feeding process in cutting, the thickness of air gap 2 was compressed to 7 μm and the thickness of air gap 3 was increased to 13 μm. Under this condition, the pressure distributed along radial line 3 was the lowest. During the retracting process, the thickness of air gap 2 was increased to 15 μm and the thickness of air gap 3 was reduced to 5 μm. At this stage, the pressure distributed along radial line 3 was the highest. From Fig. 7 , it was also noticed that, in feeding, when the thickness of air gap 2 was reduced to 7 μm, the pressure distributed along radial line 2 was the highest. In retracting, when the thickness of air gap 2 was increased to 15 μm, the pressure distributed along radial line 2 was the lowest .  Fig 6(a) and Fig. 7(a) showed, when the rotating speed was 15000 rpm, there was a nearly horizontal line segment with a length of 6 mm in every pressure distribution curve. That indicated the location of the air inlet of the porous insert on the thrust bearing. The gauge pressure there was the
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Engineering Tribology and Materials highest in the pressure distribution curves which illustrated the pressure distributed along radial lines 2 and 3 in air gaps 2 and 3, respectively. During feeding, when the thickness of air gap 2 was reduced to 7 μm, the pressure at the air inlet of the porous insert in air gap 2 was about 400 kPa. In Fig. 3 , it was seen both ends of radial line 2 were next to air outlets. Thus, the gauge pressure at both ends of air gap 2 dropped to zero. During retracting, when the thickness of air gap 2 was increased to 15 μm, the pressure along the 6 mm-long air inlet of the porous insert in air gap 2 was still 400 kPa. Regarding air gap 2, the air was released at the edge of the thrust plate so that the gap pressure over there dropped to zero gauge pressure. However, the pressure in air gap 2 from the porous insert on thrust plate to air gap 1 of the journal bearing only decreased slightly. When the rotating speed was increased to 60000 rpm, the pressure along radial line 2 in air gap 2 went up and the pressure distribution changed. The same situation happened to the pressure along radial line 3 in air gap 3.
(a) Rotating speed = 15000 rpm (b) Rotating speed = 60000 rpm Fig. 6 The pressure distributed along radial line 3 in air gap 3 as thickness of air gap 2 was 7 μm, 10 μm and 15 μm respectively.
(a) Rotating speed = 15000 rpm (b) Rotating speed = 60000 rpm Fig. 7 The pressure distributed along radial line 2 in air gap 2 as thickness of air gap 2 was 7 μm, 10 μm and 15 μm respectively.
With an eccentricity ratio of 0.3, under different rotating speeds and various gap thicknesses of the thrust bearing, the average pressure on the front surface of the spindle flange located in air gap 3 was listed in Table 3 ; the average pressure on the rear surface of the spindle flange located in air gap 2 was listed in Table 4 . Table 3 revealed that, during feeding, the increased thickness of air gap 3 between the front thrust plate and the spindle flange resulted in pressure reduction on the front surface of the spindle flange. Table 4 showed that, during retracting, the increased thickness of air gap 2 between the rear thrust plate and the spindle flange resulted in pressure reduction on the rear surface of the spindle flange. Table 5 showed the net force applied on the spindle flange which was the sum of the forces subjected to the front and the rear surfaces of the spindle flange in air gap 3 and air gap 2 respectively. The vertically downward direction was defined as the +Z direction. The upward net Key Engineering Materials Vol. 739force applied on the spindle flange during feeding was the resultant of upward cutting force and downward gravitational force. The downward net force applied on the spindle flange during retracting was due to the weight of the spindle module. Table 3 The average pressure on the front surface Table 4 The average pressure on the rear surface of the spindle flange located in air gap 3. of the spindle flange located in air gap 2. Table 5 The net force applied on the spindle flange.
Remark: Positive net force means the force points downward along +Z axis; negative net force means the force points upward along -Z axis.
Concluding remarks
The analytical results indicated that, during cutting of the vertical milling machine, the radial component of the cutting force subjected to the thrust bearing was very small. Therefore, only the axial component of the cutting force was considered to be applied to the thrust bearing. The average pressure on the surface of spindle below the air gap 1 and the stiffness of spindle were not significantly affected by the changes of gap thicknesses of the thrust bearing.
During feeding process in cutting, the increased thickness of air gap 3 between the front thrust plate and the spindle flange resulted in pressure reduction on the front surface of the spindle flange. The net force on the spindle flange pointed downward along +Z axis. During retracting process, the increased thickness of air gap 2 between the rear thrust plate and the spindle flange resulted in pressure reduction on the rear surface of the spindle flange. The net force on the spindle flange pointed upward along -Z axis. The net force on the spindle flange during feeding was much larger than that during retracting, especially in lower rotating speed.
